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INTRODUCTION

In 1975 Congress passed the Energy Conservation Act to establish a
U. S. Strategic Petroleum Reserve (SPR) with  a  capac i ty  o f  750 mi l l ion
barrels of crude oil. The most economic storage medium was determined
to be salt  caverns leached in salt  domes in Louisiana and Texas. Salt
caverns existed at several sites when the reserve was created. These
were obtained by the U. S. Department of Energy (DOE) and used to
in i t iate  SPR o i l  s torage .  In  order  to  meet  the  s torage  capac i ty
approved by Congress, new caverns also had to be leached. To support
the  resul t ing  des ign  e f for t , finite element computer programs have
been used to determine the creep closure and structural stability of
sa l t  caverns .  Using  s i te  spec i f i c  mater ia l  propert ies  inc luding  creep
models, elastic moduli  and fracture date, the f inite element analyses
have replaced earlier empirical approaches to cavern design. This
report  presents  resul ts  o f  such  f in i te element analyses to determine
the best cavern roof shape and the minimum pillar to diameter ratio,
P/D. These numerical predlctions  indicete’that the current cavern
des ign  i s  sa fe .

FINITE ELEMEh’T  AND KATERIXL  MODELING

The finite element program used in this study has existed for
approximately four years. I t s  theorit:ccl b a s i s  (Key,  e t  a l ,  1 9 8 0 )
and application are well  documented. It was originelly developed to
predict the creep around mined openings in bedded rock salt for the
Waste Isolation Pilot Plant (WIPP). The program was tested by modeling
the creep of salt around a drift  and by comparing the results with the
predic t ions  o f  e ight  o ther  s tructura l  computer  codes  (Morgan,  e t  a l .
1981).  Since then the program has had continual use for calculations
to  support  the  WIPP iMiller. e t  a l ,  19&S!. For  about  two  years  the
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program has also been used to calculate the creep and structural
s tabi l i ty  o f  SPR sa l t  caverns  (Preece  and  Stone.1982).  Other
appl i cat ions  inc lude  the  analys is  o f  laboratory  creep  tests  that  are
used to develop creep models for salt  (Branstetter and Preece,1983).

The program numerically simulates the creep of rock salt and the
resul t ing  s tresses , strains and displacements as functions of  time.
The constitutive model used has elastic and creep components where
stra in  rate  i s  a  power  funct ion  o f  e f fec t ive  s tress  as  g iven  be low.

(1)
where

* =J(2/3 Pij eij)
e..

11
=  p last i c  s tra in  rate  tensor

0 = J(3/2 Si j Sij)

Sij =  d e v i a t o r i c  cauchy s t r e s s  t e n s o r

A = laboratory determined constant

n = laboratory determined stress exponent

The elastic constants and the creep parameters used are l isted in
Table I .  They are based on extensive creep data on rock salt  from
the Salado formation in New Mexico and on l imited but site specific
measurements on salt samples from West Hackberry and Bryan Mound
(Wawersik,  e t  a l , 1980a and 1980b). The parameters in Table I either
match or overpredict the creep rates that are recorded in laboratory
t e s t s . Within  the  context  o f  th is  s tudy ,  overpredic t ions  are  con-
sidered conservative and acceptable.

TABLE I

Mater-161  Propertles  of Regions in Figure 3

Elast ic  Mater ie l Youngs  Modulus (Pa)’ Poisson’s  Ratlo

Shale 7.09 E 8 .208

Caprock 7.09 E 8 ,288

Overburden 9.58 E 5 .330

Salt A [ (Pa)4’gdays)]-1  N Shear Modulus (Pa) Bulk Modulus (Paj

4 . 8 2  E - 3 9 4 . 9 1 . 7 5 E 10 1 . 5 5 E 10

. Intact modulus (Wlnterkorn.1975)  divided by ten
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Rock salt fracture was treated in two ways. As  usual ,  tens i le
failure was described by means of  a cut-off  stress. In  th is  case ,  the
cut -o f f  s t ress  was  set  equal  to  zero Compressive fracture was
modeled  by  means  o f  a  l imit ing  ine last i c  s tra in  cr i ter ion . The
l i m i t i n g  s t r a i n ,  i n  t u r n , IS a measure of damage before the rock
ruptures  in  the  sense  that  i t  l ooses  some or  a l l  o f  i t s  l oad  bear ing
a b i l i t y . At  th is  t ime, the  cr i ter ion  does  not  cons ider  the  e f fec t  o f
f racture  heal ing . The compressive fracture criterion used is based on
empir i ca l  observat ions  in  traixial  compressfon tests  [Wawers ik ,  19741.
Accordingly, t h e  a x i a l  s t r a i n  t o  r u p t u r e ,  eI’.is gi;en by theesum o f
instantaneous strains :x-id t ime-dependent strains,
R e f e r r i n g  t o  F i g .  1 ,  e

I
I S  t h e  i n e l a s t i c  s t r a i n

s t r e s s  7 =  al ; a 3 in
dependent strain past e

Fe pre - fa i lure  reg ime.

Mzasurements  i n d i c a t e o f  sa l t  I S  between the  u l t imate  s tra in ,
e ,
tA

in  quas i -s tat i c  tests  an the  quas i -s tat i c  post-failure  stra in  at
e same stra in  rate  and at  t.he same va lue  o f  D Laboratory tests on

sal t  further  suggest  that  the  post-failure  beha?ior  o f  rock  sa l t  may
be  approx imated  by  a  l ine  o f  s lope  p (Figure 1 )  that  increases  rapid ly
with the smallest principal compressive stress,  u ,  and temperature,
T. Combining these observations, it  was possible3to  write

T--Tr ‘Seel = el ‘<e Uu+------1- 1 B (2)

1wi th ,  for  example ,  - =  -exp
and b are constant. f!

I1 (ao m < b). The parameters, U, a, m
~~ i s t ii e  ult?mate  s tress  (F igure  1 ) .

To bound rock salt failure in general, equation (2)  was rewritten
by expressing the least compressive stress in terms of the mean
s t r e s s , u and  the  e f fec t ive  s tress ,  a, and  by  rep  ac ing  the  e
t h e  e f f e c t i v e  s t r a i n ,  a n d  -r b y  6. Thus, fs e t t i n g  - =  o,

1 by 5,

P

e
r = e’ + e C<r U

+ a{cT - tQ (3)

where  a  =  a(a, Z, T) .  Equat ion  (3 )  may be  recast  in  terms o f  s tra in
rate b y  s u b s t i t u t i o n  o f  T u s i n g  t h e  r a t e  Eqn (1).

To  evaluate  the  s tab i l i ty  o f  caverns ,  i t  was  important  to  be
conservat ive . This was attempted by assuming a = 0 and using only
ultimate strains that were measured at ambient temperature. Under
t h e s e  coqditjons, early laboratory compression data at strain rates
e E lo-” s were fitted by a second order polynomial to yield
l i m i t i n g  s t r a i n

-r -U
e Me = 3 30 i (4 57 - Cl.357  cr3)03 for ci3 5 3.45 hPau.
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eU = 13.8 for 0 3 i 3 . 4 5  MPa

-uwhere the strain e is given in percent and

a
o3 = cr - 3

Equation (4) was applied in the f inite element analyses by
comparing  the  ca lcu lated  e f fec t ive  s tra ins ,  e, wi th  the  predic ted
l i m i t i n g  s t r a i n ,  eU. This comparison was done formally by means of
the  fa i lure  funct ion

S t a b i l i t y  i s  i n d i c a t e d  i f  F  < 0

(4)

I t  i s  important  that  the  l imit ing  s tra in  and,  there fore ,  the
failure funct:on F are deemed to be conservative,  lower bound
approximations. This tenet was checked by a comparison of the
p r e d i c t e d  f a i l u r e  s t r a i n s ,  E q n  (4), w i t h  t h e  f a i l u r e  s t r a i n s  o f
triaxial creep rupture experiments, quas i - s tat i c  extens ion  tests  and
more recent quasi-static triaxial measurements to 10.3 MPa confining
pressure [for example, Wawersik and Hannum, 1979; Hansen and
Mellegard, 1 9 7 9 ;  P r i c e  e t  a l . ,  19811.

ROOF SHAPE  STUDIES

The design of  the roof for a new cavern resulted in choosing from
the  fo l lowing  shapes  to  cap  a  cy l indr ica l  vo id :  1 )  f la t ,  2 )  conica l
with angles varying 15 to 45 degrees from horizontal,  3)  parabolic,
and  4 )  spher ica l . The most stable roof configuration was determined
by means of  two ?different  criteria: lj t h e  r o c k  s a l t  f r a c t u r e
cr i ter ion  presented  ear l ier , and 2) tensile stress development in the
r o o f .

Each roof shape was analysed for 30 years of  creep closure.  The
axisymmetric  f inite element mesh for each configuration is shown in
Figure 2. The boundary conditions on the models are represented by
rollers where motion is allowed parallel  but not perpendicular to each
r o l l e r . Each model has lithostatic  pressure  across  the  top . The flat
roof was analysed with three different pressures inside the cavern 1)
brine head pressure,  2j oil  head pressure,  and 3j atmospheric
pressure. The brine head and 011 head pressures represent maximum and
minimum pressures that could occur during normal cavern operations.
The atmospheric pressure case represents the most severe loading
condi t ion  the cavern could ever be subjected to. The models with
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conical roof angles were analysed with brine head and atmospheric
pressure inside the cavern. The parabolic model was analysed with
brine head pressure.

Numerica l  va lues  for  the  two  s tabi l i ty  cr i ter ion  are  l i s ted  in
Table  I I  f or  each  conf igurat ion . When compressive failure alone is
considered, the flat roof appears to be the most stable roof shape
s ince  i t  y ie lds  the  lowest  va lue  o f  the  f racture  funct ion . This  i s
due to a bridging effect that shifts some of the load away from the
cavern roof to produce a lower creep rate. However, when the f lat
roof is subjected to atmospheric pressure,  the minimum stress becomes
tensile which makes the flat roof least desirable.  The 15 and 30
degree conical configurations had compressive stresses in the roof
even at atmospheric pressure.  The 45 degree conical configuration at
atmospheric pressure would not converge past the first several time
steps.  At that point,  however, the  s tresses  in  the  roo f  were  wel l  into
the compressive range. In examining the fracture function values in
Table  I I , i t  i s  noted  that  a l l  are  less  than zero . Hence, according
to  th is  cr i ter ion ,  no  s labbing  wi l l  occur  and s tabi l i ty  at  th is  depth
is ensured.

PILLAR TO DIAMETER RATIO

The rat io  o f  p i l lar  to  cavern  d iameters  (.P/D) was  eva luated  by
means  o f  two  cr i ter ia .  (1 )  the  absence  o f  f racture  in  tens ion  or
compression, and (2) the percent volume loss of the cavern due to
creep  c losure . These criteria were applied in the analysis of  a new
cavern array that was adopted for s e v e r a l  SPR f a c i l i t i e s  c u r r e n t l y
under construction.
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Two analyses were carried out.  The first was a simplified but large
scale axisymmtric model of  the entire dome to investigate coupling
between the structural response of individual caverns and the entire
sa l t  dome.  I t  showed that ,  due  to  creep  re l ie f ,  the  s tresses  around
the caverns are reduced from the original l ithostatic stress as some
of  the  overburden  load  i s  sh i f ted  to  the  caprock  or  t rans fered  to  the
shale and sand layers along the sides of  the dome. The computed
stresses from the large-scale model were then used to set the boundry
conditions for a more detailed analysis of  the actual cavern complex.
The large scale f inite element model is shown in Figure 3a.  Both sides
of the model were allowed to move vertically but not horizontally.  The
bottom is  a l lowed to  move  hor izonta l ly  but  not  vert i ca l ly . The top,
which represents the ground surface,  is unconstrained. The four
different materials included in the model are labeled on the mesh and
their corresponding properties are given in Table I .  The low moduli
for  shale , caprock  and overburden accounted for discontinuities in the
rock, consistent with some subsidence predactions using l inear elastic
finite elements (Dahl and Choi,  1973). The caverns were modeled as a
centra l  cy l inder , “A” surrounded by two toroids “B” and “C”. The
cylinder and toroids are configured to approximate the volume and
volumetric distribution of the actual West Hackberry SPR site.

The model also approximated the entire history of  the cavern
complex from the creation of  the first caverns in 1940 to the caverns
currently being leached. S t a r t i n g  w i t h  l i t h o s t a t i c  s t r e s s e s
everywhere, the pressure in cylinder “A” and toroid “B” was lowered
gradually to brine head pressure over 4000 days (11 years) to simulate
the  f i rs t  l eaching  phase . The computation was continued at constant
brinehead pressure within caverns “A” and “B” unti 1, after 11,000 days
(30 years) leaching of the new caverns was simulated by reducing the
pressure in torroid “C” to simulate leaching the new caverns. Gradual
depressurization  o f “C” occurs over 3000 days (8 years) and is
fo l lowed by  constant  pressure  condi t ions  for  30  years ,  the  pro jec ted
life of  the SPR.

Because  o f  c reep  re l i e f , the  vert i ca l  s tress  in  the  reg ion  im-
mediately above the caverns decreases as some of the overburden load
shi f ts  to  the  shale  surrounding  the  dome.  The  vert i ca l  s tress  in  the
shale  increases  as  a  resul t  o f  th is  l oad  transfer .  Cavern  analys is
which  uses  the  or ig inal  l i thostat i c  s tress  above  the  cavern  as  a
boundry  condi t ion  wi l l  overpredic t  the  c losure  o f  the  cavern .  The
vert i ca l  s tress  h is tory  152  meters  above  toro id  “B” represents  an
average for the region above the caverns.  This history,  shown in
Figure 4, was  appl ied  across  the  top  o f  the  deta i led  axismetric
finite element models of the new caverns shown in Figure 5.  To
evaluate  the  p i l lar  to  d iameter  rat io , P/D was varied from 1.8 to 0.6
by changing the mesh width while the cavern radius remained constant.
Each model had the vertical stress history from the previous analysis
across the top and brine head pressure inside the cavern. These models
were analysed for 30 years and the results were post-processed for
stability and volume change.
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The cavern stability was evaluated by means of the fracture
funct ion . “F” E q n  ( 5 ) .  V a l u e s  o f  “F” were calculated by post-
processing the creep strains and stresses from each analysis.
Accordingly , “F” var ies  vert i ca l ly  a long  the  cavern  wal l  and  i s  at  a
maxims at approximately point “P” shown in Figure 5. Values of the
fracture  funct ion  at  “P” in  each  model  a f ter  30  years  o f  c reep  i s
shown in Figure 6 as a function of P/D. The  p lot  ind icates  that  a l l
p i l l a r  w i d t h s  a r e  p r e d i c t e d  t o ’b e  s t a b l e .

The cavern volume decreases with time due to creep closure. The
ca lcu lated  vo lume loss  for  each  cavern  a f ter  30  years  o f  c losure  i s
shown in Figure 7 as a function of P/D. Figure 7 indicates that the
volume loss from the caverns is within acceptable limits when the P/D
is reduced.

CONCLUSIONS

The  resul ts  o f  severa l  f in i te  e lement  analyses  o f  sa l t  c reep  and
fracture around SPR caverns are consistent with the pil lar to diameter
rat io  o f  1 .8  that  i s  current ly  appl ied  to  the  des ign  o f  SPR caverns .
The calculations further indicate that this spacing has an adequate
but  not  over ly  conservat ive  sa fety  fac tor  o f  approx imate ly  two .
Moderate reductions of  P/D from 1.8 should not result in cavern
c o l l a p s e . To  ensure  cavern  s tab i l i ty  a long  the  roo f ,  conica l  shapes
with roof  angles between 15 and 30 degrees appear to be optimal.  In
the  future , i t  i s  p lanned  to  a lso  eva luate  the  e f fec t  o f  P /D =  1 .8  on
the magnitude of surface subsidence at each SPR site.
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